Abstract-Many electronic systems such as robotics, batterypowered electric vehicles, and mobile computing devices are powered by multi-cell battery with limited energy capacity. Therefore, maximizing the battery performance such as operating time, available capacity, and lifetime is one of the major battery design challenges. Traditional approaches such as dynamic power management to maximize the battery discharge performance have treated multi-cell battery as a pure passive component with a fixed configuration. Thus, the multi-cell battery performance is determined by the weakest battery cell, leading to a low utilization of battery energy. In this paper, we propose a novel multi-cell battery design to dynamically reconfigure the cell topology of a multi-cell battery, which also interacts with the power management module of a battery-powered system to maximize the battery discharge performance. Then, the dynamic reconfiguration problem of the multi-cell battery is formulated as a Lagrangian Relaxation problem and solved by dynamic programming. Both simulation and experimental results show that the proposed design can significantly enhance the multicell battery operating time and useable capacity. Moreover, the proposed design can automatically exclude the failure or malfunction cells through reconfiguration, which can greatly improve the multi-cell battery safety.
I. INTRODUCTION
To provide the high voltage and high capacity battery power supply, multiple battery cells are commonly encased within a protective pack in a fixed configuration, which contains sensors to monitor and measure cell properties. As a result, all cells are equally treated, which are charged or discharged simultaneously. However, the system power management module overseeing a multi-cell battery makes decisions on discharge terminal based on the weakest cell measurement, ignoring the fact that other cells may be still capable of providing additional usable capacity.
Considering dynamic reconfiguration into the multi-cell battery will provide more scalability, dependability, and fault tolerance, and in turn improve the battery performance. However, the reconfiguration capability of the multi-cell battery is very limited. In [1] , an N+ Switch Array Matrix topology has been developed to provide the reconfiguration capability to selectively connect and isolate individual battery cell. In [2] , multi-cell battery dynamic reconfiguration concept has been introduced to improve the battery operating time and capacity, respectively. In [3] , multi-cell battery configuration is changed from series to parallel and vice versa to improve the efficiency of the DC-DC converter. In [4] , cells in the multi-cell battery are divided into banks, and then an offload schedule method is adopted to select cell in each bank to enhance the operating time and safety. Due to the limited reconfiguration capability, these methods can only partially solve the problem and provide suboptimal results.
In this paper, we propose a novel dynamic reconfigurable multi-cell battery design to improve battery performance. Based on the current battery status and the load request posed by the system power management module, the proposed design will dynamically select the optimal cell configuration to minimize system power consumption and maximizing battery capacity and operating time. Furthermore, the proposed design can provide multiple voltage levels, which may improve the battery scalability and reduce the complexity of DC-DC circuitry. Through dynamic reconfiguration, the proposed battery design can exclude faulty cells from battery power supply to enhance the battery dependability and safety issues. Figure 1 shows an overview of the proposed multi-cell battery design. The key components of the proposed design are adaptive battery controller and battery switch array. The battery controller predicts battery performance such as state of charge (SOC), state of health (SOH), voltage, and internal resistance based on various battery operation conditions. Based on the predicted performance as well as the load posed by the system power management module, battery cells will be dynamically reconfigured via the battery switch array. The battery switch array is shown in Figure 2 , where each cell uses 6 switches to parallel, series, and exclude itself with/from the . . .
II. THE PROPOSED MULTI-CELL BATTERY DESIGN
where, indicates the switch state of ℎ switch of ℎ battery cell, whose value could be denoted as:
III. PROBLEM FORMULATION Recall the design goal is to improve the multi-cell battery performance and prolong battery operating time under a given load posed by system power management module. Assuming that the duration of the load is , which can be further divided into time intervals = . At the beginning of each time interval, the adaptive reconfiguration process will be triggered. Therefore, the formulated problem turns into maximizing the usable battery capacity over under the given load request by choosing the optimal configuration at the beginning of each time interval . The path graph of the dynamic reconfiguration process of a multi-cell battery is shown in Figure 3 , where, is the total number of configurations of a multi-cell battery with cells, and is the total number of intervals (stages). Each state , ( = 0, 1, ..., ) corresponds to a feasible configuration (actions) under the current cell status in terms of SOH and SOC, which can be denoted as a configuration
Each arc is associated a cost value, which is the expected consumed SOC of a multi-cell battery at the ℎ time interval when cells are reconfigured from configuration (action) to configuration (action)
, where , = 1, 2, ..., . Assuming that Π = { 1 , 2 , ⋅ ⋅ ⋅ , } ( ∈ , and = 1, 2, ⋅, ) is applied configurations for internals. Consequently, the cost-to-go function (Π) is to optimally choose applied configurations Π to minimize the attainable sum of expected capacity, which can be denoted as:
where, , , , and are SOC, consumed SOC, and battery configuration, and voltage of multi-cell battery at the ℎ time interval, which can be obtained by multi-cell battery model in [5] , [6] . ℎ is the SOH of multi-cell battery.
IV. PROBLEM SOLUTION
The Lagrangian relaxation method leads to a convex hull approximation of the formulated constrained problem in Eq. (3). We first define a Lagrangian cost function: 
≥ , then Π * is also an optimal solution to the problem in Eq. (3). Therefore, the task to solve Eq. (3) is equivalent to the easier task of finding the optimal solution to the unconstrained problem
which is essentially a dynamic programming problem, and can be solved by the method as in [7] . 
V. EXPERIMENT RESULTS
To show the performance improvement of the proposed multi-cell battery system, we conducted experiment on the traditional battery topology with four cells as shown in figure  4 (a) and the proposed multi-cell battery design as shown in figure 4 (b) . System required voltage and current are 6 and 1 , respectively. All cells in both multi-cell battery are [8] , whose cutoff voltages and capacity are 3 and 2600 ℎ, respectively. We have conducted the experiments on the prototype system as shown in Figure 5 , which consists of a laptop, a relay array (R3210PROXR RS232 Relay) [9] , a multi-channel ADC (USB-1616FS) [10] , multiple battery cells (LC-18650H4-tab) [8] , and an electric load [11] . The multi-channel ADC acquires states of multi-cell battery and each cell such as the output voltage, current and temperature. The laptop is used as a battery controller to optimize the multi-cell battery configuration. The electric load is employed to simulate the load posed by the dynamic power management module of a battery-powered system. Figure 6 shows the experiment results. We can observe that the proposed design can significantly prolong the battery operating time than the traditional fixed-configuration design. The operation time of the typical multi-cell battery is 14110 seconds and the operating time of the proposed multi-cell battery is 17160 seconds, meaning that the operating time has been improved about 21.6% by the proposed design.
VI. CONCLUSION
In this paper, a novel multi-cell battery design is proposed. The proposed design will dynamically reconfigure the multicell battery to achieve the optimal battery discharge per- formance. The experimental results show that the proposed design can significantly improve the battery operating time. Compared with the traditional multi-cell battery system, the operating time is improved about 21.6%. In addition, the proposed multi-cell battery system can also exclude the faulty cells from the battery power supply circuitry and greatly improve the multi-cell battery safety.
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